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1 a INTRODUCTION 

Theorists have aba’ndoned conventional spectroscppyand are trying to understand 

the new particles) so there are no theoretical.contributions t.6 this conferencr; on th& con- 

ventional ‘hadron spectrum. Rosner’c London review 1) 6f the statue of the conventional 

hadron spectrum is still up to date at this time. I3ut tfb discovery of new particles 2) 
I. ’ 

which do not fit into,our previous picture of the ha.dron spectrum tells us something must 

be missing in our description of hadron structure and hadron .speclroscopx. We thcre- 

fore reexamine conventional spectroscopy and look f61* the puzzles and paradoxes which 

have arisen in attempting to deecribe the properlies of the known particlca. Theso-may 

offer c.luea to the missing elements necessary for the description of the new particles. 

8 PrediCtions of the existence of neti degreks of freedom from the prbpertiea of 

conventional particles have been discussed by Cabibho 3). 
w?io compared l.ho present 

_ * 
‘theo&&cal situation to the irregularities observed *in the orbit of the planet Uranus which 

led to the prediction and the discoverjr of the qcw planet Naptune. Our pide.to searches 

for new plan&e, flew particles, new symmetries .and new dcgraco af ft-ccdom is baoed on 

the two key ques;iono: (t) Wh o needs it and (2) who cares ,if it. jen.‘t.iound? &a.luatjon of 

a propoaed theory must consider two crucial aepeete: (1.) the uniqueness of the theory and 

(2) the constraints imposed by external experirnenlal information. 

Ae examples of this @de WC ask the key questions in the cases of (1) the ~carch 

for the planet NepCune, (2) the search for the R- rntl (3) the sasrrh lor .SU(3) an a .bieli,er 

symmetry for elementary particles. 

The planet Neptune was needed?& ‘those who be)icvcd in Newton’r laws of m6W6n 

and gravitation and the precise astronomical ohncrvatians of the orbits of othctr pl;tnats. 

If NFp@ne wcrc not found either Newton’s laws or the astronomical obeervati6ns would 

have to be discarded. The prediction was unique; ~16 competing madelr; explajncd the 

irregularities. in the otbit c&f Uranus. There wnr~ very many cxpcrimcntal constrainta 

provided by the laws of motion and gravitation and iq* ail the data on planets& motidn 

which fit to~rtl:cr to or&i& thr existence :if N~JJ~UIJ~. 

The II’ was ricec’ed by those ,v;ho believed i~r $11(3) ay~.ii:nctqr as ;? clar sific.htios., 

scheme for hadroIls becalrse Sc’(3) successfu11.y classified 35 observed particlcrt in Iour 

?X(3)-mul.t~~lets ;r:ith only one vacant slot remaiuinp, lo be filled. I1 t.he R- did not exir.1. 
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*I Supported jr, part by the lsraei Commission for Ijasic f<cscarch and the U. S. Energy 

Research and nnvelopment Administraiion. 

6! n~r~t~rl hv tlniversities Research Association Inc. under cantraci with the Enernv Research and Develoameni Administrati 



2. ~FIIT MINIMUM NIiMREli “P’ P:I.E:MEN’rAI,Y I~IJIL~~~Jc~I?~.~ _--_____~~_ 

.The search ior clerncnlary building Ibloc~ke ior hadrow” bc~an with the Fermi- 

Yang model 6) which suggested that the pion was a bound state of a nucleon-antinucleon 

pair. The discovery of stranee particles suggested the addition of another basic buildiog 

block to carry the strangeness quantum number. The Sakata model’) added tl,e ii hyperon’ 

to the nucleon to make three basic building blocks. Coldhabcr 8) suggested the addition of 

the K meson as the basic strange building block, with the i. as a KN bound state. NO 

detailed dynamics of such peculiar strongly bound systems was seriously proposed. The 

problem was to find the minimum number 01 basic building blocks from which ali oh- 

served particles could be constructed w,th proper eigenvaiucs for ail conserved quantum 

“““IherS. 

The discovery of W(3) multiplets with the baryons classified in an octet rather 

than a triplet led to the repiacemcnt of the Fermi-Yang-Sakata model by the quark model 

having as basic building blocks a triplet of spin-Ii2 particles with baryon number 113 

and the samc,isospin and strangeness quantum numbers as the Sakata triplet.” The 

Goldhaber model was discarded. 

The suggestion that a color degree of freedom 9,101 was deeirable to describe 

many hadron properties led to the expansion of the )-quark model into the Y-quark model. 

The suggestion that charm 3,ll). LS also needed to describe hadrons leads to even more 

quarks. These degrees of freedom which add new types of quarks can be described in a 
121 genera1 way by defining “generalized color” and “generalized charm. ” Generalized 

color denotes models with additional quarks that are all SU(3) triplets labeled by a new 

quantom number called “color,” with an additional X(n) colar symmetry transformation 

between triplets of different colors. The requirement that all observed states be color 

~inplets leads to a classification with exactly the same multiplct structure a~ the conven- 

tional 3-quark model. Th : < or~gin.4 propoaal haa three colors but any number can be 
‘. 

considered. / 

Generalized charm denotes models with additional quarks that are all SU(3) 

singlets and have new additive quantum numbers. The original charm proposal added a 

fourth quark and one new quantum number called charm and defined an W(4) symmetry. 

Generalized charm adds n quarks and n new quantum numbers to make a system of 

3 + n quarks and a higher symmetry S”(3tn). These additional quarks are postulated to 
I have a high mass to explain why bound states containing charmed quarks are not observed 

in the conventional hadron spectrum. 

We now return to the problem of finding the minimum number of basic building 

blocks needed to describe the observed states. Let os examine models iike the Goldhaber 

model which have rlementary bosons as well as fermions and transform their basic fer- 

muons into quark-like states with color and baryon number 1 !3. ThO minimum number of 

basic states is achieved by choosing the A and K as the elementary building blocks, with 



the symmetry scheme which had already fit .tbc other partirlcs would h&v,: to be dis- 

carded. Tbc scheme was unique. No competing clssaification existed for the known 

particles. the cxistcnce of 35 particles having the proper eigcnvalues of spin, parity, 

isospin and hypercharge to fit into thrar: W(3) multiplets provided a sufficient number 

of experimental constrainta. 

The search for SU(31 was completriy diffcrcnt from these two other searches. 

After isospin and byperchargc became catablished there were indications that a higher 

symmetry should exiet to provide a classification Bchcme for particles having the same 

spin and parity But there were very many possibilities and very few experimental con- 

straints. The &(3l symmetry group was found only after an eight-year journey via all 
4) the wrong symmetries Today the transition from the SU(Z1 Y U(1) of isospin and 

strangeness to S”(3) seems as eimple as 2 + I = 3. But the theorists did not know they 

had S”(2). Isospin was considered to be a rotation in a 3-dimensional space and its 

natural generalization was rotations in spaces of higher dimensions, Like R(4), R(5), 

R(6), R(7) and R(g). None of these higher rotation symmetries worked. The-prrticle 

theorists needed to learn eometbing new, namely the unitary groups which were not 

known to them at that time, 

Today, partible theorists have lcarnad all about the SU(n) groups and all about 

quarks, and the experrnental situation suggesta a higher symmetry beyond SU(3). The 

theorists add more and more quarks to make larger and larger SU(n).groups. At the 

present rate they may end up with SU(Rosenfcld) with all the particles in the Rosen&Ad 

table classified in the fundamental representation of SU(n) where n is the number of 

particles in the table. 

The quark model was born when the number of observed hadrons became larger 

and larger and fhe idea of making them all out of a small number of basic building blocks 

seemed attractive. But quarks have not been found. Instead experimentalista have found ‘. 

new phenomena not easily described byp simple model containing only three quarks. The 

theorists add more quarks: four, five, six, eight, nine, twelve and eighteen quark 

models %have been suggested. Again there seem to be too many so-called elementary 

objects. Perhaps they are not elementary but are made of even smaller sub-quarks. 

As experiments do not find quarks, theorists find excueea for adding even more quarks. 

Perhaps this is not the right approach to go beyond SU(3). 

Perhaps the quarks are like the fictitious 3-dimensronal isospace which was en 

useful in the early days for understandi?g the implications of isospin symmetry. A 

realization of a given symmetry which is useful but has no real physical basis can im- 

pede the search far a higher symmetry. Maybe today WC need to stop adding more quarks 

and to learn something new. 



the nucleon a* a AT? bound stat‘:. The quantum numbers of all the old particles can be 

constructed from these building Iblocks. When the spin and antiparticle states are 

counted, this model has a total of eight basic ~tatcs in contrast to 12 in the Sakata and 

quark models. 

The “quarkized” version of thia AK model has a strange A quark with baryon 

number I I3 and a scalar or pseudoscalar boson with isospin I i2 denoted by K as basic 

building blocks. The.constituent nonstrange n and p quarks are bound AK states. AU 

states of the old hadron spectrum can be constructed from these constituent quarks juet 

-as in the conventional quark model. In addition to the conventional state8 of the 

hadron spectrum constructed from canstituent quarks, states of the K basons without 

quarks can also J,e considered. These.additional states can accommodate a spectrum of 

new particles. The K; system has two neutral stateswith isospin 0 and I, respectively. 

These might correspond to the U; and +’ staten. Note that the K has no S”(3) classifica- 

tion and the new particles formed from K’S would not appear in SU(3) multiplets. 

In this picture the strange quark I 16 elementary and thr: nonstrangc qurka n and 

p are composite, while SU(3) symmetry and current algebra do not exist at the funda- 

mental level but ariee as a phenomcnological symmetry of constituent quarks, analogous 

to the Wigner supermultiplet symmetry in nuclei. Color can be introduced by coloring 

the strange quarks. The nine colored constituent quarks of the conventional three triplet 

model then appear as three clemenrary strange quarks and six composite nonstrange 

bound systems of a colored strange quark and a strange boson of isoapin i/2. This model 

has only five basic building blocks, a colored quark triplet and a boson isospin doublet. 

The fermions carry the color and the bosom carry the ieospin. When antiparticle and 

spin states are counted this model has only 16 basic states instead of the 36 of the colored 

quark model. 

Thus the minimum number of elementary building blocks necessary to produce the 

observed spactrum including the new regonances is much less than the number found in 

models with colored and charmed quarks. Models with elementary bosons as well as 

elementary fermions allow all states to be constructed with a much smaller number of 

basic particles. Such models might also be suggested by supereymmetries 13) which 

place buson* and frrmions together m supermultipleta. The purpose o, this discussion 

,s nut to present a serious argument ior this particular model. It IS rather to pomt out 

the possibility of new directions includine those having no s,rnpie SU(3) description. to 

counteract brainwashing by quark models in which everything is made from elementary 

spin-l /2 objects, and to emphasize the possibility of a unified explanation of tbc new 

particles and the-old particles. 

3. CHARM AND COLOR 

Let “B now examine the charm and colnr dvprees ui ‘reedom and ask who 

needs them. 



3.1 Who needs charm? 

People who like gauge theories like rharm. Rut now that two k,“ds of weak inter- 

actions are observed exporimcntaily charm is “ceded to unify weak interactions and weak 

interactions. The present quark atrocturc cannot give a unified description of the two 

interactions produced by. charged and neutral currents. The weak part of the ~Iamiltonia” 

is written as the sum of two term8 , one for the charged current and one far the neutral 

CC-rent, 

H 
weak = GchJ:hJ,h + G”eutJ:eutJ”cut’ (3.1) 

But there is no way t” relate the strengths pf the two interactions. For example the re- 

quirement that Gch and Gneut should be equal has no mea”i$ because there is no unique 

normalization for the charged and neutral hadro” current relative to one another and no 

unique normalization relative to the lepto” currc”t. The Cabibba theory provides such a 

normalization for the charged currents but cannot wark for ~tranpenesa cons:rv~ing “eu- 
1 

tral currents. This is most easily seen by examining the linear cnmbinationa of n and J, 

quarks rotated by the Cabibbo angle 

n 5 n cos e + A sin 8 
c 

(3. Za) 

A z ” ein e - A co9 e 
c 

(3, 21,) 

where e is the Cabibbo angle. The charged current has components with the form 

J 
ch 

= =OS e(Y$) + ain e(FA) = bc 13. 3) 

while the particular state kc defined by I;;q. (3. Zbl is romplctely decoupled Irom the 

charged current weak interaction. The leptonic part of the charged current has exactly 

the same form and same normalizatinn as the charged hadro” current (3. 3). 

The neutral current which co”s&ves strangeness cannot be expressed entirely in 

terms of the states p and nc but muat also include a contribution from the AC in order to 

conscrw strangencsa. The most general strangeness-conserving neutral current is mo6L 

easily written in terms of the original ““rotated (p”A) states 

‘J&ut = a@p;p, + p(ii”l + y(X’i) (3.4) 

where the c”clC~cic”rs II, p and y .~r<: arbitr:,,~y. Thcrr is no obviriue way t” durcrmine 

them or to relate them either to the lepto” c>~rre”ts or to the charged current. 

The necessity or desirability of unifying the charged and neutral weak interactrons 

suggests that there is something missing in this simple quark description (3;3) and (3. 4). 

The addition of a fourth charmed quark enables a very simple and elegant description 3) I” 

which the charged and neutral currents have a well-defined relative normalization and the 

unification of the two interactions is straightforward. However, this SU(4) daacription is 



by no means unique and does not satisfy the criterion of having many experimental con- 

straints. There are no experimental constraints forcing such an S”(4) description. zany 

other possibilities exist with no experimcnlai indication that any one is superior to the 

others. The SU(4) charm schema is only one of many ways to introduce a new internal 

degree of irccdom suggested by thr preaencc of neutral strangeness-conaervinp currents 

.togethcr with the Cabihbo charged strangede~a-violating currents. 

3.2 Who needs color? 

Many rea~one have been propneed, for introducing color, and not all of them are 

compatible. Color i,s needed by 

1) People who like ordinary fermi statistics for quarks 9) and do not like baryon 

models with three spin-l I2 quarks in symmetric rather than in antisymmetric states. 

2) People who like integral electric charge 10) 

3) People who believe Adler’s argument for color 14) , based on the current- 

algebra-PCAC calculation of the decay no+, Adler’s result is proportional-fo~tbe sum 

of the squares of the charges of all elementary fermions in the theory. The numerical 

experimental value for the width of thiR decay agrees with predictions from a X-color 

model and disagrees with models having no color degree of freedom. 

4) People who want to push up the ratio R - e+e’~hadronslc+e-‘~+il-, whoee 

present expcrimnntal value exceeds the prediction from the simple quark modrl The 15) 

addition of new internal degrees oi freedom puahea tbla ratio up, just ee in “‘+.yy. 

5) People who worry about the saturation of hadrons at the quark-antiquakk and 

three-quark levels and want a model which explains why states like qq9 and 4qq are not 

found. Colored models provide a na+xral description of this saturation 
12,16) 

6) People who like non-Abelian gauge theories and quark confinement how- 17) 

ever these people require the color symmetry to be an exact symmetry of nature not 

broken by weak or electromagnetic interpctions. They are unable to incorporate 

,intcgrally-charged quarks into this framework and must have fractional charges. 
, 

7) People who want to explain the new particles with colored stat-s that are not 
18) color singlets They require the Han-Nambu integrally-charged model in order to 

explain the production of the particles in e+e- annihilation and therefore require breaking 

of color symmetry by electromagnrtiim. 

I There is a definite conflict between those who want to explain the- new particles as 

color-octet states and those who want to use color in a non-Abe1,a.n gauge theory as an 

exact symmetry of nature. Therr is also a conflict between the explanation of new oar- 

titles as simple color-octet states and the success of the color model in explaining sam- 

ration at the quark-antiquark and three-quark systems. This point is discussed in derail 

in the following section. 



4. THE COLORED QUARK MODEL FOR SATURATION 

FTow color can lead to eaturation in the hadron spectrum is illustrated by an in- 

instructive example lZ,l6, 
of a fictitious nuclear physics world with all observed nuclei 

composed of deuterona, all observed et&tee had isoapin ze.ro and the neutron end proton 

not yet discovered. The experimentally observed properties of the deuteron would indi- 

cate that it ie a two-body system, whose constituents might be called nucleons. In this 

isoscalar deuteron world, the’isospin degree of freedom would not be known, only iso- 

scalar properties of states would be measurable and there would be no way to distinguish 

between the neutron and the proton. Thus the two nucleons in the deuteron would appear 

to be identical particlee, with the deuteron electric charge divided evenly between them. 

Each nucleon would thus have a charge of l/2. 

QN = 1/2Qd = +1/Z. (4.1) 

The ground state of the deuteron and all the observed isoacalar excited states have wave 

functions symmetric in apace and spin rather than antisymmetric ee expuctcd &r.two 

fermione. Thus the nucleon appears to be a particle with fractional charge and peculiar’ 

statistics. 

At this point a clever theorist might suggest that there are really two kinds of 

nucleons with.different colors. The red nucleon denoted by p has a charge of t1 and the 

blue nucleon denoted by n has charge zero. A hidden SU(2) symmetry transforms be- 

tween different colored nucleon states and all the low-lying states would be singlets in 

this SU(2)color degree of freedom. Their wave functions would be antisymmetric in 

color andFermi statistics would require them to be symmetric in space and spin. Thus 

the colored nucleon would have integral charges end satisfy ordinary Fermi etatietics. 

Thin colored deuteron world is an exact analog of the colored quark model for 
: 

hadrons. Conaider then- which consists of three identical strange quarks in the quark 

model and has a spin of 312 and an elect& charge of -1. The charge of the 0. is 

aaeumed to be divided equally between the&three strange quarks. Thus 

%-lA = 113Qn.. = -l/3. (4.2) 

The spin-312 state is totally symmetric in epin and a totally symmetric spatial wave 

function is assumed for the lowest state. Thus the strange quark appears to have a 
. 

fractional charge and peculiar statistics. 

Now suppoee that there are three kinds of A quarks denoted by ?,f , h2 and A., with 

three different colors. If there is a hidden SU(3)color symmetry and all low-lying states 

are required to be singlets in SU(3)co,or, they are antisymmetric in the color degree of 

freedom and required by Fermi statistics to be symmetric in the other degrees of freedom. 

Thus introducing color eliminates the peculiar statistics. Integral charges are also 

obtainable by setting 



UA (=a, =O (4.3r.j 2 
(4. 3b) 

We have chaaen the Cl- for this simple example because it contains only, strange 

quarks. The same arguments hold for baryons containing both nonstrange and etrange 

quarks. These have quark model wave functions totdlly symmetric in the W(6) and 

spatial degree,8 of freedom. They satisfy normal statistics if they are required to be 

antisymmetric in an additional color degree of freedom. 

The assumption that only color singlet state8 are observed leada to exactly the 

~same predictions for the classification of hadron states as the conventional quark model 

without color. For all ohserved properties of conventional hadrona. there is no differ- 

cncc hctwecn modvls with int<.yrally-charged and fractionally-charged quarks. The 

strong intorac:linns of both kind8 of charged colored quarks arc identical. Diffbrvncca 

arise only in the elcctromagnotic and possibly in weak interactions, and are oBaurvable 

only in states which are not rolor singlets. Since our discussion of saturation depends 

only on strong interactions it holds equally for integrally-charged and iractionally- 

charged quarks. 

The colored quark model alao answers three puzzles which are unsolved in the 

conventional nonrelativistic quark model. These are: 

1) Th> triality puzzle. The quark-antiquark interqction is attractive ‘in all possi- 

ble channels as indicated by the existence of bound quark-antiquark states for-all possible 

values of quantum numbers. An antiquark should therefore be attracted by the three 

quarks in a baryon to make a state of three, prks and one antiquark. Nu such bound 

states with non-zero triality are observed. / 

2) The exotics puzzle. The above argume?t aleo holds for +tes like qqq? or 4qc 

which have proper triality and are not exluded by any new principle preventing the ob- 

servance of fractionally-charged states. The attractive interactions necessary to bind 

three quarks into a baryon and a quark-antiquark,pairrinta a meson should bind these 

exotic states even more strongly than normal hadrons and predict unobserved exotic 

mfsone and ba;yons near or below the pion and nucleon masses. 

3) The meion-b.aryon puzzle. The quark-antiquark and quark-quark interactions 

I must both be attractive to bind both mesons and baryons. However the quark-quark inter- 

action must be considerably weaker than the quark-antiquark interaction to prevent 

di-quarks from being observed with ma~seb comparable to mesons. Low-lying bound 

states occur in the three-quark system whidh has three quark-pair interactions, rather 

than only one aa in a meson. Conventional simple interactions have quark-quark and 

quark-antiquark interactiona which are equal in Fagnitude and are either opposite in sign 

or both attractive, depending on the behavior of the interaction under,charge conjugation. 

The interaction necessary to bind mesons and baryans does not have a simple behavior 



under charge conjugation but rather requirea that the even and odd components satisfy 

a very peculiar relation. 

All these puzzles have been shown to be solved by a model with three triplets of 

colored quarks interacting via the yukawa interaction produced by exchange of an octet 

of colored vector gluons. In this model mesons and baryons are both bound,wi$b the de- 

sired interaction Btrength. The difference between the quark-quark and quark-antiquark 

interactions is given naturally by an algebraic coefficient from the color algebra. States 

which are singlets in SU(3)colo, behave like neutron atoms with no interaction with any 

external quarks. The individual components of the bound colored singlet states have both 

attractive and repulsive interactions with an external particle. These cancel exactly a~ 

in the case of a neutral atom. Thus there are no bad triality states and no exotic states 

in this model, only the desired states appear-or more correctly-only the states that 

were desired before the discovery of the new particles. 

These colored quark models bound by an octet of colored gloom cannot simply 

incorporate the new particles. The color octet states of a quark-antiquark paifwhich 

have been suggested as possible configurations for the new particle8 18) are unbound in 

this particular model becauee the quark-antiquark interaction is repuleive in all color 

octet states. This repulsion is needed to prevent an antiquark from heinp hound to a 

baryon to make a 3qT atate. If an attractive interartion is poatulatod in certain color 

octet channels to provide states for the,new particlea, there ia no longer a cancellation 

between attraction in color singlet and repulsion in color octet states and the color 

singlet baryons no longer behave as neutral atoms. Thus there is a conflict between the 

saturation properties of the colored-gluon-Yukawa interaction and the possibility of de- 

scribing the new particles as color octet bound states. With simple interactions one can 

have either saturation or a description of the new particles, but not both. The models 

which propoee coldr for the new particles disregard the saturation question for ordinary 

particles. The difficulty can b? overcome by more exotic models as diecussed below. 

5. SPIN SPLITTINGS IN THE MESON SPECTRUM 

The discovery of new particles of spin one and the abscn~ce 80 far oi new spm-zero 

particles raises the question of why the lowest new particles should be vectors rather than 

pseudoscalars as in the conventional spectrum. However, this question can be reversed 
. to why the low&t in the conventional spectrum are pseudoscalars. There is no answer to 

this question. All models describe the spin splittings with an external parameter inserted 

by hand.. Thus there may be some interest in examining spin splitting in the conventional 

hadron spectrum to look for clues in understanding the new particles. These spin split- 

tings are indeed very peculiar. The 0 -n splitting which is an s-wave hyperfine splitting 

in atomic or positronium language is of the same order as the p-AZ splitting which is an 

orbital splitting. The splitting between the AZ and the B which is a hyperfine splitting in 

the p wave.ir consistent with zero. Thus the ~-wave hyperfine splitting is large and of 



the same order as tbc oroital splitting while the p-wave hyperfinc splitting is zero. These 

are not gexplirincd in thv conv~“tior~;li quark model but aimply lnscrted as external spin- 

dependent interactiona each with il. own strength paramctcr. 

All these peculiar spin splittinge can be explained by adding rl repulsive core 19) 

to the quark-antiquark potential in the triplet spin state. Such short-range hyperfine 

interactions have bee” suggested 20) , but are normally treated by perturbation theory 

which neglects the triplet-singlet splitting resulting from differences in the wave func- 

tians, dnd considers only the interaction. A strong repulsive cbre which candot be 

treated by permrbatio” theory gives a” eriergv<hift from the added kinetic energy of the 

wave function forced to vanish at the origin. This energy is on the scale of the ortiital 

splitting and independent of the strength 01 the core. This effect occurs only in the 

6 wave where the wave function is otherwise appreciable at the repuleive core and not in 

the p wave where the wave function already vanishes at small distances. 

A rough estimare of the effect of a repuleive core on the meson spectrum ia ab- 

tainrd from a harmonic osrillator mode, with the effect of the cure in the 
3 S state simu- 

lated by using a wave function with s-wave angular dependence and p-wave radial 

deptindence to make it vanish at the origin. This leads to fh<, following spectrum 

En.= + hw (normal Li w.wc, (5. la) 

(5 wave with p-wave radial dependence] (S.lb) 

E& = E*, = EAZ = EB = + hi* (normal p WYa”fl). (5. Ic, 

The D thus appears roughly midway hetwecn the TI and the p-wave states:~ 

We “ow examine the effect of such a repulsive core on the interaction in color 

octet states in a colored quark model 161 If the repulsive core has the same color he- 

havior QS the r$st of the interaction it h6s opposite signs I” the color octet and color 

singlet states. The quark-antiquark interaction in the 3 
S coloi octet state then has a 

very strong short-range attraction and a repulsive potential barrlrr. This leads tq a 

color octet of hound vuctor meeons having a much smaller size than conventional mesons. 

There arc no bound color octet pseudoscalar states since the rrplrlsive rare is not prcs- 

ent in the ‘5 color singlet pscudoscalara and no correapnnding attractive interaction 
1 

appc:ara in the S ruior octet state. If tbc new pa,-ticles are such “callapeed” states of 

much smaller radial s~ze’tha” conventional hadrons the difference in the wave functions 

could explain the suppression of radiative transitions between collapsed new particles and 

normal states and the smaller photoproduction cross sections for the new particles. 

Similar arguments have ‘bee” give” in fl>e D=SC for the “u:iron-nucleon interaction. 

The original Fermi-Yang modal for the pion was supported by the argument that the re- 

pulsive core present in the nucleon-nucleon interaction would reverse sign and become 



attractive in the nuclwn-;mtinuclron intaractiun and coulcl Lead to bound states. The 

poesibility that cullapeed states of complex nuclei could be produced by a very ahort- 

ran~c attractrvr interaction within the repulsive core 21) has aleo been auggeated. 

Similar qualitative eiiects are obtained from a strong short-range hyperiine inter- 

action which is attractive in tho singlet spin state and repulsive in the triplet spin state, 

rather than being completely ahsrnt in the singlet state. The attractive short-range 

potential in the spin singlet state becomes rrpulsive in the color octet state and may bind 

collapsed actor statea hut not collapsed pseudoscalars. 

This discussion gives another example of how considering old and new particles 

together and using the unexplained puzzles of the conventional hadron spectrum can lead 

to new approaches in understanding the new particles. 

6. THREE KINDS OF QUP~RKS 

There arc many puzzles and paradoxes behind the usual aese~ti~n that the quark 

model gives a very good description of the hadron spectrum. Everyone has hiS c&n quark 

model which is different from other quark models. Each gives a good description of some 

aspects of the hadron spectrum but not of others , and difiewnt approaches appear to be 

incompatible. This paradox is illustrated by the question, “Where are the friends of the 

p meson?“. Which are the isovector mesons which belong in the same family or super- 

mvltiplet a~ the c 7 

The slJ(6) classification puts the p and the F in the same supermultiplet. Current 

algebra relates vector and axial vector currents and relates vector particles (0) with the 

axial vector (Al ). Exchange degeneracy and duality place the 0 and the A.2 on degenerate 

Regge trajectories. Chiral symmetry describes pion emission with the axial charge 

operator Q5. Thus any state A coupled to the 0” system has a nonvaniehing matrix 

element (A / Q5 1 p 1. 

A’ D +T’ (AlQ51p) z” ) (6. laj 

o++.+n-r (AlQ5/o)*0. (6. Lb, 

Since Q5 is a generator of the chiral symmetry algebra any resonance A which satisfies 

Eq. (6. la) or Eq. (6. lb) must be in the same chiral symmetry multiplet as the p. Simi- 

. larly, for any state A’ coupled to the ATT system 

A'.+ A +n+ (A')Q51A) S 0. (6. lc, 

The 0, TT, II, Al, B, AZ and ~1 all satisfy the condition (6. la), (6. lb) or (6. ic). They 

must all be in the same chiral symmetry multiple* together with all higher states which 

decay to these by successive pion emission. This paradox has been treated by representa. 

tian mixing in which each particle has many components classified in different chiral 

symmetry representations. 
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The difference between the thhrce approaches to hadron structure is seen explicitly 

in comparing the three approaches to #pin. 

I. The static approach of the atomic phyaiciat describes spin with Pauli matrices 

or the Dirac matricesb. Static spin combined with S”(3) gives the atatic SU(6) symmetry 

which provides a successful classification of the hadron spectrum. However atatic Su(6) 

fails a8 a symmetry for transitions since it forbida the most common strong decaya. 

0 P 2n (6.2a) 
in static W(6). 

AilNtn (6.2b) 

2. The cbiral approach of the fikld theorist and parton model considers chirality 

defined by the Dirac matrix yS which is equivalentto oz and h&city in the infinite momen- 

tum frame with p, = aa, This description is good for the applications of current algebra 

and PCAC. However it is bad for claaeification because there is no simple way to include 

rotational invariance and require states of different helicity of the same particle to have 

the same mase and it suggests the existence of parity doublets which are not f-d 

experimentally. 

3. The m approach of the S-matrix theorist places particles on trajectories 

along which the spin changes. The Reggc approach gives a different spin spectrum from 

W(6) and suggests the existence of particles on daughter trajectories. 

The folklore which says that the harmonic oscillator quark model. of the atomic 

physicist and the linear Kegge trajectories of the S-matrix theorist agree in their predic- 

tion. of the hadron spectrum is very misleading. The contradictiona are immediately 

evident when spin is considered. The SU(6) harmonic oscillator quark model has degen- 

erate n and p masses. They are not on degenerate Regge trajectories since their spin 

ia different: rather they are required to be on different trajectories with a spacing of one 

unit. Degenerate n and p trajectories would not give degenerate masses. Neither the ‘, 

mallsee nor the trajectories should be expected to be exactly degenerate. But the puzzle 

is that the real world is exactly half way in between these two cases. Neither the mae+os 

nor the trajec+.oories are degenerate. The spacing betveen the TT and 0 trajectories is 

neither zero nor one but I /2. why? 

Static and chin1 approaches to spin have been combined by tie definition of W 

spin and SU(6)w. The spin f,lip operators in the W spin scheme are defined to flip both 

c ~Y5an=‘uz. 

Wt : PO-. it. 3, 

These operators flip helicity in the infinite momentum frame and are equivalent to ordi- 

nary spm operators in the rest frame except for a phase iactor. They are invariant under 

Lorentz transformations in the z direction and useful for all processes where a Lorentz 

frame can be defined with all momenta in the z direction. W-spin conservation allows 



the strong decays (6.2) forbidden by static spin cona~:rvatior,~ The associated S”(6) 
.w 

symmetry leads to good results for transitions as long as lherc is no traneverec momen- 

turn. However the W-spin formulation breaks down in the presence of tranever8e momcn- 

turn. Hadron states with finite orbital excitation always have transverse momentum, 

&we 

L * o -) px’pY * O. z (6.41 

Thus orbitally excited hadrons always imply trouble for SU(6),,, 

7. WHO NEEDS MELOSH? WHERE IS JACKSON? 

The Melosh’ “‘) transformation has been suggested as an answer to all the ques- 

tions regarding spin and transverse momentum, but papers on the Melosh transformation 

tend to obscure aimplc physice with complicated iormalism. The relevant question is 

“Where ia Jackson? “, 

Consider the emiaaion of a pion by a quark. The pr”curR ia partic!rlarly simple 

in the rest frame of the final quark etate with the z axis in the direction of the momenta. 

of the incoming quark and the outgoing pion. For virtual pion exchange in a scattering 

process this frame is oommonly called the Jackson frame. Since thv pion ie spinloss 

and carries no angular momentum in the z diiection the z component of the total angular 

momen+am is equal to the z-component of the quark spin in this frame. Thus A, cannot 

flip and is conserved. Applying SU(3) and parity conservation shows that SU(b),,, ia auto- 

matically conserved for pion emission idthc Jackson frame of the quark. 

But where is Jackson? Experimonts,see hadrons not quarks. They measure 

hadron momenta and not the quark momenta inside the hadron. They cannot find the 

quark Jackson frame and present their resrilts in the hadron Jackson frame where there 

is no wanaverse momentum in initial and final states of the hadron which emits the pion. ‘, 

But this frame is not the quark Jackson Srame and the quarks inside the hadron can have 

transverse momentum. The Melosh school sky they cannot find Jackson either but that 

there ia an unknown transformation between the hadron Jackson frame and the quark 
, 

Jackson frame. 

Big deal. 

If you can’t find Jackson you have to work in a frame where helicity flip is allowed 

r and SU(61W is broken. Two,kinds of terms thus appear in the description of pion emis- 

sion and give two unrelated reduced matrix elements, one for nonflip transitions which 

conserve ~(6)~ and one for flip transitions which violate SJ(~)~. If we could find 

Jackson we could relate these two matrix elements. But 60 far no one knows how to find 

Jackson. The existence of these two independent terms was already known in the first 

applications of the quark model to pionic decays. The two were then called direct and 

recoil terms. 

Who needs Melosh? 
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8. BEYOND THE SINGLE-QUARK TRANSITION-’ 
THE ZWEIC RULE MYSTERY 

The big puzzle in the quark model description of hadron transitions has not been 

considered by the Melosh school, namely, the auccees of the description of all tranmitions 

by single quark operators. This Levin-Fiankfurt rule 5123) , first applied to high energy 

scattering to give the ratio of 312 for nucleon-nucleon to pion-nucleon scattering, postu- 

lates that only one active quark in each hadron is responsible for any transition and all 

other quarks are spectators which remain in the same Btate. This single quark rule has 

been applied with uniform success but without justification for transitions which cover the 

Complete spectrum of strong, electromagnetic and weak transitions. The active quark 

can emit or absorb a pion, a photon, a lepton pair or a Regpeon. The Zweig rule 24) 

which says that a quark-antiquark pair cannot disappear in a transition is a special case 

of the Levln-Frankfurt rule which requires either the quark or the antiquark to be a spec- 

tator and remaiti in the‘ final state. Thus both cannot disappear. But both the Levin- 

Frankfurt rule and its special case of Zweig’B rule can be defined only in so- kind of 

Born approximation. In any theory these rules are violated in higher orders by P aucces- 

sion of allowed transitions. Consider for example the Zwaig forbidden decay of the f’ into 

two pions 

f’ P 2n. 

But the following transitions are all allowed by Zweig’s rule. 

f’ •) Kl? (8. PA) 

Kit’ m. 

Thus in higher order we can have 

(8. Zbl 

f’ + KI?+ ml. (8.3) -. 

There is no way to forbid the transitione. 3) if tbo transitions (8.2) are allowed. The 

only way to suppress the transition (8. 3) is to claim that it is somehow of higher order 

and therefore smaller than the Born term. But why should a Born approximation be valid 

for strong interactions? 
. 

To obtain some innight into the mysterious validity of the single quark transition 

WC look for cases where this approximation breaks down and we see the higher order 

two-quark transition. The best place to look is in total cross sections for high 

energy scattering where precise data are available at the 1% level and amall breaking 

effects of the Levin-Frankfurt approximation can be found. This approximation, also 

called quark-model additivity in this context, breaks down at the 15-20s level in total 

cross sections5’25’. For example, . 

rather thati being equal as required by the Levin-Frankfurt approximation. Howevtr 



there is also a consistent difference of the same order between nN and KN total cross 

sections 

o(Kp) c o(np). (8.4b) 

Recently an empirical relation between these inequalities has been shoti to agree 

with experiment over a wide energy range 25) 

o(n-p) - o(K-p) = I /3o(pp) - I /Zo(K+p). ’ 18.5) 

The agreement with experiment 26) II ahown in Fig. 8.1. Tha twn inuqnalitles (8. 4) thus 

seem to be empirically related even though one is a breakdown ot quark-modal additivity 

and the other is a breakdown of W(3) symmetry. The relation (8. 5) can be derived 

from double exchange models described by two-quark operators which discriminate 

against strangeness. Examples of such models are the double exchange of a pomeron 

and an i as a cut or as two legs of a triple Regge diagram. However the ~xperimrntally 

observed energy dependence is not that of a pomeron-f cut. The difference a(<],) o(K-p) 

which should be due to this additional contribution decreases very slowly from 5 mb at 

2 GeVlc to 3. 5 mb at 200 GeVlc. A triple-Regge diagram might give this energy 
27) dependence 

Thus another intriguing puzzle ie added to the question of why the single-quark 

transition works 80 well, namely, why does strangeness dependence of the total cross 

section seem to be related to quark number dependence. Thin reminds us that we really 

do not understand atran~geness. Attributingfthe difference between strange and nonstrange 

particles to constituent strange and nonatrange quarks aimply shifts the question to the 

quark level. Perhaps the answer is in a model like the one proponed in Sect. 2 which 

gives a diiiercnt structure to 6trangc and nonstrange particlea. In this model with elc- 

mrntary quarks and elementary bosons a double-scattering contribution with one scatter- 

ing, off any quark in the hadron a6d the spcond off any boson satisfies the relatiourr (8.4) 

and (8.5). 

9. NEW PARTICLES AND OLD SYMMETRIES 

“This year’s sensation is next year’s calibration’:. remark by V. L. Telegdi 

one year after the discovery of CP violation when kaon beam experimentalistrr were 

already using the CP-violating 2n decay mode to calibrate their apparatus. 

The rapidly accumulating experimental data on production and decay of the new 

particles furnish a new laboratory for the study of old symmetries, quark models and 

empirical rules like Zweig’s rule. For such high mass states all quasi-two-body and 

quasi-three-body decay channels related by symmetries are open and well above threeh- 

old. These final states have such large momenta that kinematic breaking effects of 

thresholds, barrier factors and mass differences can be neglected. This rich source of 



experimental data with many related decay modee should enable conclusive and significant 

testa of theoretical predictions. 

One important open question in conventional tests of W(3) symmetry ia whether 

the observed suppression of kaon productioe relative to pion production can all be ex- 

plained by kinematic factors resulting from the Kn mass difference, or wheth$r there is 

also an inherent S”(3) breaking. A clean test of this point is obtainable by comparing 2n 

and KK decay modes of high mass states. An S”(3) singlet state must have C = G = + in 

order to decay into two pions. There are both theoretical and experimental indications 

that such state5 should exist as n6w scalar and tensor mesons. For such a state S”(3) 

predicte 

I- ‘u singlet l n+n-, = T(y singlet .. K+K-1. (9. Ia) 

Any deviation from this prediction would indicate either an inherent S”(3) breaking in the 

decay vertex function or the presence of an octet component mixed with the singlet in the 

initial state. 

If the new particle in not an W(3) singlet but a member of a nonet other members 

should be found. Equality between pionic and kaonic decay modes is predicted for the 

sum of the decay rates over all neutral nonstrange members of a nonet or octet. 

2 rty + n*n-j = 2 i‘(y + K+K-1 
Y x 

(9. lb) 

where the summation is over all neutral nonstrange states in the octet or nonet. The 

sum rule (9. lb) holds in the SU(3) symmetry limit independent of nonet miring angles. 

It could be broken by masti differences between the different x states in the octet or 

nonet. However such mass breaklng effects are easily taken into account without intro- 

duction of arbitrary factors. The relations (9. L) can also be obtained from U-spin invari- 

anct without requiring the full SU(3). .I’% us electromagnrtic contributions to the decays 

shoulh also satisfy these rclatione. 

The new vector particles have C = G = -! and are forbidden to decay into two 

pseudoscalar mesons ii they are S”(3) singlets. The best test of the equality of strange 

and nanstrange couplings for such states is in the vector-peeudoscalar decay mode. The 

rektions analogous to (9. 1) arc 

“‘*singlet 
. K-K-) ,9.2a1 

i I’(* 
4 o+y) = c r(&t + Kv+K-) 

w 

The baryon-antibaryon decay modes can aleo be used 

(9. Zb) 

(9.2c) 

- 

r(“singlet + Pp) = ;I$ Sl”gkt -t .T+z+j 



- 
c rkk + pp, = 2 1‘16 + Z+Z+). JL Lb (O.Zd, 

Equations (Y. 2) also follow only irum U-spin invarianre and ;,pply to electromagnetic 

cantributionr. 
: 

If the rclationa (9. 1) and (Y. 2) arc: Iwnd tn be valid experimentally, ddray modea 

involving ‘hz qI, rj’, w and @ state6 can alsn be studied to determine values for mixing 

angles and to test the validity of Zweig’a rule. 

Quasi-three-body decays are also simply related by SU(3) and additional con- 

straints are imposed by Zweig’s rule. Thq pKl?, wKK, Kg&, 6KKand $nn decays are 

all related by W(3) to the observed wn+r decay and should provide significant tests. 

Zweig’s rule forbids the e-m decay mode for any initial singlet or nonet atate. 

T($ + &m) 3 0 by Zweig’s Kule. 19. 3) 

Thus the strength of the #nn decay mode immediately gives an indication of the validity 

of Zweig’e rule. 

For an initial state which is an W(3) singlet there are two W(3) invariant ampli- 

tudes if Zweig’s rule is not assumed, corresponding to the octet and singlet states of the 

vector mesons. All decay amplitudes can be expressed in terms of two which arc taken 

as input. The mn and #nn modes are convenient for input since the former has been 

observed and the latter should vanish if Zweig’e rule holds. The SU(3) predictions are 

then 281 

AoW+K-) 
\ 

= -(i/&)Ao(wn+n-, <9.4a, 

Aolul K+K t = -(l /Z)A,+““+“-) - (1 /zi?)Ao(On+n‘) (9.4b) 

AO(~‘K+K-l = -V/Z)A,,(wn+n-) $ (lld?)AO(@n+n‘) (9.4C) 

AJK*‘K-“+I = -lll~~)A,,(um+n-) + ~@,+n-, (9.4d) 

!-O(~ono~8) = -(l/Li3)Ag(“n+n-) i (,6i?)Ao(~“+n-) (9.4.e) 

A,(@T~T,) = +(2si~lAO&?) _ (1 i3)Ao(#nona) (9.40 

Ao(“r18’18) = t(l 13L40(mo”0) + i2J5TSlAplon0) (9. ‘Q!) 

where Ao(VPPJ denotes the amplitude for tde decay of a unitary singlet into any particular 

VPP state. The final state can be defined either by the momenta of the three mesons and 

the polarization of the vector meson or by any partial wave amplitude. The relations (9. 4) 

are independent of all kinematic variables and hold in any region of the Dalitz plot. 



Other high maas resonances such as the newly reported H meson 29) also offer 

the possibility of spectroscopy with many “pen channels and fewer kinematic ambiguities. 
- 

The H meson should be observable in the K”K” mode 08 KeKs and give a very clean 

signal with little background. If the H has the quantum numbers of the f mea”” except 

for spin, as expected if it is the ~egpc recurrence , it should also have the same mixing 

angle. For this case the KSKs width is related to the “baerved 27 width by S”(3) 

F(H + KsKs) = ;r (H -t n”7”L 19. 5) 

The Rcgge rncurreoces of the A2 and the I’ should alao be expected and “bserv- 

able in KK modes. The analog “I f-A2 interference should also ho seen in the Repgc 

recurrencei of there states. 

10. THE f-A2 INTERFERENCE 

An interesting new tooi which can be useful in hadron spectroscopy is interference 

between rc~ooances which have a cotnmon dccay mode. The p and w are ex.;n&s of 

state6 which are nearly degenerate in mass and for which interesting interference cflects 

have already been observed. Thcsr particlea have no common strong dccny mode and 

interference is observable only’through the small electromagnetic contribtition tb the 

u •, 217 decay. 
- 

Both the p and the w are coupled t+he KK system and would show strong 
1:~ 

interference cffecte in the KKdecay mode if the channel were “pen. In an S”(3) eym- 

metric world with equal kaon and pion maasee those KI? decays would have the came 
. 

streqth as the 3 + 2% decay 29) 

For higher resonances such ae the tensor mesone a similar ““net structure is 

observed with nearly degenerate isovector and isoecalar nonitrange bosons. Thesc are 

now above the Kg threshold and interference effects can therefore be seen. For higher 

noGets well above the KI? threshold the Ki? decay mode should approach the two pi”” decay 
*. 

mode in strength and all”w,str”ng interference effects to be observed. 

Because thr I and A2 have different isospin the relative phase of thr charged and 

neutral kaon pair decay modes is different in the two cases: Thus if the f and A2 are 

produced cnhcrcntly the interfcrenre contributions observed &he knon pair decay 
- 

channel have opposite eigns in the K’K- and K”K” decay modes. This rhargc aaymmctry 

can be very striking in some cas”~. 
c 

Interference effecte have been reported and used in the analysis of the reaction 30) 

n-+P’M’+n !lO. ia) 

where M” denotes a neutral nonstrange meson which decays in the KErnode 

MO+ K+I?. (10. lb) 

Both the f and the A2 can be oroduced in this reaction and interference effects can be 



obtcrvcd. However some C”hre”ce IS lent in avcraping “Yet- pularization states and 

angular distributions if the two etatcs are produced by different reaction mechnnlsn>e. 

With pion beams the i is produced primarily by pion exchange while the A2 cannot b<, 

produced by pion exchange bccausr of G pa ity and must be produced by come other 

exchange such as o excbaupi. The cohere” c is therefore reduced and is model depend- 

ent, F Once the propertics of the resonances are well established this model dependence 

can bc used as a test of the modele for the reaction mechanism 311 However if the param- 

et,crs of the rceonanc~: are not well cetabliahed the dcacription of such a reaction becomes 

ambiguous and complicated. 

Stronger interference effects with less model dependence are “btainablc with kaon 

and photon beams which do not have a definite G parity and can produce both the f end 

the A2 by the same mechanism. This “CCU~S in the reaction 

K- 4~ N 4 M; -i Y (‘0.2a, 

where N and Y ~+,“t” an; nucleon and hype ran states allowed by the coneerv~ti~n laws, 
4 

and ME is the coherent linear combination of f and A2 which containa only a pp quark- 

antiquark pair and doea not contain an nn component. This state decays only into charged 

kaons. The neutral kaon decay mode is forbidden because the f and A2 decay amplirudre 

exactly canrcl one anothvr in the neutral made. 

M; -) K”~ + K- (IO. 2b) 

M;b K”+p (10. Zc) 

This result is simply soen in quark diagrams but follows from the assumptions of SU(3) 

symmetry and ideal mixing without requiring any specific quark model assumptions 32) 

Effects of SU(3) symmetry breaking can be included by inserting physical masses and 

widths for the f and A2 instead of ass&ing the degeneracy of the symmetry limit. 

Figures 10. la and IO. ib show predicted crose sections obtained by simply adding Breit- 

Wigner resonance curves with relative magnitude and phase predicted by W(3) but with 

the mase and width given by the experimental data. The contribution from the f’ is also 

included since it is ale” determined relative to the f and A2 by SU(3) except for a phase 

which depends or, the si&w.ture of the exchange. Figure 10. la has the f’ phase corre- 

spending to odd signature exchange such as +ctor exchange while Fia. LO. Ih has the 

phase correspondiny to oven signature exchange such as scalar and tensor. The sup- 

pression of the Kopmode under the f-A2 p<.kk is very marked. There ia also a surpris- 

ing effect of the interference bcrween the ovelrlapping tails of the f and A2 and f’ 

resonances. Exact quantitative features of these curvee are not reliable in this region 

since the simple Breit-Wagner descripti,on may not hold in the tail. However the difference 

between the charged and neutral decays near the peak of the f’ may be observable. 



Finurea 10. 1 also show the curve which would bc obtamcd if there were no A2 contribu- 

tion and no isovactor-isoscalar intcrierence. The interference effect in the tails of the i 

and f’ are stili noticeable. 

Similar effects are obscrvahle in the production uf neutral mesons by the yy re- 
33) action 

y,+y+ M”‘Kf,?. 

This can be studied with lcpton colliding beams 

(IO. 3.1) 

ef + e- + et + e- + M”. (10.3b) 

Again SU(3) determines the relative amplitude and phase of the f, A2 and f’ and the prr- 
- 

dieted cross section is shown in Fig, 10.2. The Y”KS) is strongly suppressed in the f-A2 

region but not a6 strongly is in the case of the V ” actions (10. 2). The predicted shift 
- 

of tic K’K” peak relative,to K+l?- might be observable experime~lally. A large 
- 

K+K-/K”K” ratio is predicted in the f’ region and might also hc, uhservable. Such inter- 

ference effects may give new insight into the nature of these particles. Once the tcch- 

niquc is established they may serve as a powerful tool for unscrambling reaction 
mechanisms. 

Il. SUNK “XJNLEP TONIC 

Nonlep tonic is intoxicating stuff for theoretical physicists. When a theorist takes 

a little nonlep tonic he suddenly experiences a feeling of great illumination., He eees 

visiona in which everything suddenly becomes clear. As hu takes a bit more everything 

seems to fit into place and he becomes very happy, and exclled. But more nonlep tonic 

suddenly mak?s the. world become fuzzier and fuzzier. Finally the clarity of the vision 

disappears and all that rcmainr is a headschl: and a hangover. 

Let us take a little nonlep tonic and look-for inspiration in the appropriate place, 

namely the itoocnfeld tables. We find the surprising experimental fact that the three 

nonlcptonic decay modes of the X all have equal decay rates, even though Et + nn’ is 

believed to be pure p-wave, the X- + nrr- ie believed to bc pure s-WOYC and 7.+ + pn” 

nm8t he an exactly equal mixture of s wave and p wave in order Lo give the observed 

asymmetry parameter a = -1. This equality of s- and p-wave decay amplitudes cannot 

possibly be an accident. Treatments of nonleptonic decays which consider s waves and 

p waves on a different footing with different diagrams and different parameters must be 

complete nonsense. It is like describing hadron masses without isospin and obtaining 

two mass formulas one for charged particles which fits the proton very well and another 

for neutral particles which fits the neutron very well, but no indication of why the proton 

and neutron masses are so nearly equal. There must be a way to treat nonleptonic 

hyperon decays and include this s-p symmetry which is clearly present in the experimen- 

tal data. 



Mtcr taking a hit of nonlep tonic it becomes otvious that 5 and p wave0 can he 

treated tugcthcr ty using heliciry amplitudcc which are cqunl mi:c:ur.pP cf 5 and p wilvee. 

H&city is a natural description for weak interactions because only lvft-handed quarks 

arc coupled. WC assume the Levin-Frankfurt “single-quark operator” rpproximation in 

which the weak interaction is described hy a npuriun which chnnKcs R left-handed strange 

quark in tht hypcron into R left-handed non!itranyc quark, while the other two quarks arc 

spectators for the weak interaction. 

Our next dose of nonlep tonic reveals that we predict that the A and E decays 

should have the opposite sign for the asynametry parameter, in agreement with cxperi- 

ment, and WC become very excited. This is because the spin ccuplingr; of the active 

stranye quark to the other quark8 in z. hyperm is such that a lvft-hmdrd strange quark 

is found in a left-handed fi trot noi: in a r&&-ha?,‘=,’ T! T>!t *,..iti~isoq,ir, str”ct”re a‘ thi: 

baryr,:~-56 rcquirrs a pair of nonstrangr? quarks “. :sospio zcrc TV have: ordinary spin 

zero and a pair wvit?~ isuspin one to have ordinary spin one. Thus in the E3SC ci two noi,- 

strani;r quarks with isospin zero as in the C, the nonstrangc diqurrk has spin zero and 

the remaining third quark carries the whc!e opin of the hnrycn. l’cr thz case where the 

diqva rk hzs ir;cepin one a9 in t2.e ia:,,? caf t.ht Z, the spin of the third quark mutt be 

a~ltir,i.railrl to that sf the diquark tn I:WC a tot&i spin of 1 I2 -.....~ Thue the 6pm of the Ihird 

quark is &c$yLe to the spin of the i~aryon. 

Wit!, a iittle morn rmnlep tonic I%<: look at the individual Z decay modes. In the 
-+ L + pn” decay the wo spectator qu;.rLs JII tnc ima1 proton ar,: o:,th p qtrarks and have 

‘isoapin cne and spin o:x, Their spied. must therefore be antiparallel to the left-handed 

active quark tu giw a total spin mlf l/Z. Thus the X+ + pn” decay produces a proton 

which is purely right handed and has an equal mixture of 6 and p waves and fuil asyn- 

metry. For tht case of Z+ -+ m’~ and jZe -+ nn” decays the two sprctatcr cy~arks m the 

fmal neutron which did not partwlpatc in thr: weak interaction> arc a p and an n which 

have lz = 0 and arc linear combinations c; isuspin zcrc ad isos1,1:1 o~ic. Thus there art. 

both left-handed and right-handld compm~mts in thr, outgoin,: netatr,m. Irowever the 

isospin cauplin<s ahow that the rclhtivr phase of the I I 0 arid I : 1 components is oppo- 

site in the Z + and Y - decays. Thcrefor~e the relative phase of the left-handed and right- 

handed hclicity states will also be r,;>posits. li their magnitudes ;i~e equal they ;Iroduce 

eigenota,:us of the orbital angular mom~:n~~m and one ulll b e i,~rc h ~a\‘e and thr other 

pure p ‘,V?.‘C. Miracuicos’ 
. 

I,, this psii.t the nonlip toztic hati xached its ,xx4~ oC elur 1 :at~,n and thisas hcgin 

to cr:t ‘unei. What is il kit-hsndc~d hyke,,~.,r. :j ,\t rest lie ht:licity ii unr!cf,ned, F~or tie 

infinite n~vmentum irame ue can oil:~cc &GUSC p + m or 13~ w. A given hyperan 
Ir 

slate is right halidcd in one f~amr a ~tl :e:t l.andcd ;n the other, but it is the same hy~eron. 

We cannut say that it decays I” U~L >~ra1~1: and dues nxt dcc:ij il; the other. Furthermore, 

the statcn~zrnt that the spins ui the stra:pc quark and the nunstrangc diquark in L I: arc 

antipbrallcl is not CMC~ When the COL TC:C? couplings ZTC put m they arc antiparallel 213 



of the tjme and parallel 1 /3 ai the time. But the asymmetry of the Zt -j pn’ dccsy is LOOui, 

and not Z/3. In the n decay the h&city argument is cxact bt:cauoe the nonstrange quarks 

have spin zero. But the ,, asymmetry parameter is about 213 and not 100%. 

Aa we attempt to push further everything only becomes more and more confused. 

We end up with a headache and a hangover, but a feeling that there is stilL something in 

the data, a hidden symmetry which we don’t understand. 

Much theoretical work haa gonu into attempts to explain the empirical fact that the 

AI z 1 I2 rule works ior nonleptonic decays. Perhaps some effort should be put into ex- 

plaining the empirical equality of the s- and p-wave amplitudes. 

12. INCLUSION 

We still have much tr learn about the old particles! 

* * 
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